Composite materials are used in several industrial and military applications due to its weight to strength ratio. From the advantages of composite materials, it may pass through different modes of failure before reaching the complete failure. Many analyses have been developed to predict the failure of composite laminates. This paper presents the development of a progressive damage analysis methodology for stress analysis of composite laminated structures using high order finite element. It is an extension to the work developed by Moutaz [10] where the large effect force vector has been introduced separately to show the geometric nonlinear effect. A simple failure analysis technique has been developed to predict the mode of failure of composite laminated structures. This technique is performed based on the stress and strain values in longitudinal (fiber direction) and transverse (matrix direction) directions of the composite. The mode of failure has been detected and defined at each increment based on the value of stress and strain in fiber and matrix directions. The proposed technique and finite element derivation have been validated by comparing the obtained results with published results and with results obtained by ANSYS-12 commercial package for the same case studies.
Introduction
Over the past years, Composite materials are used in several industrial and military applications due to its weight to strength ratio. From the advantages of composite materials, it may pass through different modes of failure before reaching the complete failure. A loaded structure goes through several stages to be completely failed; damage initiation, delamination, fiber breaking, damage growth, and fracture. Due to applying this load, energy is accumulated near flaws and defects that grow and unite, forming small cracks (damage initiation). In some applications, the damage initiation is considered a complete failure state of a structure, especially for those applications designed by fail-safe design criterion [1] . The next stage is the delamination, which is the debonding from one ply to another. It is caused by the discontinuities in the path of the load due to the matrix cracks and the small cracks throu gh the interface. The critical stage of the damage development of composite materials, which leads to complete failure, is fiber breaking. The fiber may fail at the weakest point along its length or at a point of high stress concentration. Damage growth process is considered a better way to understand the failure phenomena; especially in the applications which have stress concentration effects.
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Paper: ASAT-14-168-ST 2 The fracture is the final stage, which represents a complete failure of a component due to rapid progression of the damage modes. The fracture is the final stage of damage development, which represents a complete failure of a component due to rapid progression of the damage modes. Due to the complexities and restrictions of the existing failure analyses methods of composite materials and the existing computational tools, there is a need to develop a reliable method to predict the behavior and strength of composite laminates which can be used as a design guideline for structures made of composite materials.
Many researches on the progressive failure analysis of composite laminated structures have been successfully carried out using the finite element method in order to simulate the failure modes in composite materials. T. Y. Kam & T. B. Jan [2] studied the first-ply failure of moderately thick laminated composite plates using the layerwise linear displacement theory. The accuracy of the finite element in predicting displacements and first-ply failure loads of laminated structures was verified by comparing results with experimental data and previously obtained analytical results. Since then, there have been numerous literatures regarding the progressive failure analysis of composite laminated plates and shells [3] [4] [5] [6] [7] . Liu and Zheng [8] introduced damage model to predict the progressive failure properties of the3D composite cylindrical laminates. 3D finite element technique was developed to investigate the non-linear stress-strain relationships and the final failure strengths of composite structures. The results were compared with those obtained from experiments and other existing models. Recently, Zahari, A. El-Zafrany [9] developed a progressive damage analysis methodology for stress analysis of composite laminated plates using new derivations of finite strip methods based on Mindlin's plate-bending theory.
From the literature review, the following points can be concluded.
-The finite element formulation was considered based on infinitesimal strain.
-Numerical case studies was reported and validated with commercial software only which concerns the analysis. -There is a need for a flexible numerical tool, which can be used in assessing the composite failure analysis accurately and efficiently. -Although, there is very little published work on the use of the finite element method for failure analysis of composite materials, most of that work is based on the current versions of commercial packages (ANSYS, ABAQUS, …etc.), which means that the methodology followed has to be changed corresponding to any new version. Furthermore, it is restricted to a certain accuracy of results, while in the failure analysis one may need results of six or more digits.
This paper presents the development of a progressive damage analysis methodology for stress analysis of composite laminated structures using high order finite element. It is an extension to the work developed by Moutaz [10 & 11] where the large effect force vector has been introduced separately to show the geometric nonlinear effect. A simple failure analysis technique has been to predict the mode of failure of composite laminated structures. This technique is performed based on the stress and strain values in longitudinal (fiber direction) and transverse (matrix direction) directions of the composite. The mode of failure has been detected and defined at each increment based on the value of stress and strain in fiber and matrix directions. [1] . A progressive failure methodology is developed for predicting the failure of laminate composite structures under incremental static load taking into consideration the effect of geometrical nonlinearity. Procedures and methods for the progressive failure analysis have been developed and are illustrated in Fig. 1 The main objects in that assessment are the material degradation method, which will be discussed in the next section.
Fig. 1 Progressive failure algorithm
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The failure analysis is performed based on some assumptions:  A complete failure will occur when the strain value in the fiber direction at any element f  reaches the ultimate strain value of the fiber uf  . 
Material Degradation
Material degradation is the reduction of the material properties of the structure due to certain type of applied load. The material degradation rules of composite materials are mainly based on experimental data. Due to the difficulty of measurement process, a theoretical solution has been introduced based on some assumptions and on the available literatures. For a laminated composite under incremental static loading conditions, in the first increments, the strength of the plies can be higher than the applied stress. Therefore, during the first increments, there is no failure mode that can be detected. Once the number of increments increases and the failure takes place in the material, the material properties at the damaged area have to be degraded by a set of degradation rules that based on some factors, such as the mode of failure, the original properties, the stress-strain state, the strength of the material, …etc. That type of degradation is called gradual material properties degradation. As the density of damaged area increases, the stiffness of the laminate decreases. In the matrix mode of failure, the degradation process of the mechanical properties is based on several reduction factors [1] .
As soon as the failure condition of the matrix has been satisfied with in the laminate, the degradation process of the material properties have to take place. Consequently, the damaged area will be increased up to a critical value which is the damaged area of the laminate corresponding to the failure condition of the fiber.
Based on the literature, some assumptions are taken into consideration during the material degradation process, [2] : -The material properties are gradually degraded. -The material degradation will take place based on the state of strain of the matrix and fiber.
Hence, the new material properties will take place through the damaged area (element) which will be replaced with a one having the following properties
represent the material degradation factors. Based on the previous assumptions and some experimental data, they can be approximated as follows:
where the maximum values of the modulus reduction factor at the start of the applied stress will be unity as there is no damaged area (element) at this stage.
Finite Element Theory and Incremental Static Analysis
The proposed finite element theory, used in these analyses, has been discussed earlier by the author [10 & 11] . The finite element is based on high order shear deformation theory. The theory includes the formulation of the displacement equations, strain equation, stress equation and the strain energy variation which can be divided into small, large and coupled strain energies corresponding to which the element stiffness matrices can be obtained. An equivalent nodal force F can be defined such that the change of work done by it due to a virtual displacement field is equivalent to the change in the strain energy, i.e.
The principle of virtual work has been applied to obtain the generalized equations of equilibrium. The nodal force F can be divided into "N" increments of nodal force F  . The analysis can be carried out at each increment to obtain the global nodal displacement for linear or nonlinear case.
The generalized equations of equilibrium in the linear analysis can be represented based on the infinitesimal stiffness matrix as:
At each nodal incremental force, i F  , the change of nodal displacement can be calculated as:
The nodal displacement vector after "i" increment can be calculated as follows:
While, equation of equilibrium in the nonlinear analysis can be represented as; 
Validation and Numerical Case Study
The validation process has been carried out to illustrate the accuracy of the proposed failure algorithm and the finite element package with different case studies. The validation has been performed by comparing the results of the proposed failure algorithm with corresponding results from a commercial finite element package ANSYS-12 and with theoretical and experimental published results while the failure analysis using ANSYS has been achieved using the Tsai-Wu failure theory [12] .
Clamped Square Plate
A four-layer clamped square plate with 100 span-to-thickness ratio was employed to carry out the incremental static analysis. Two different types of mesh have been applied with this study, a coarse mesh (100 4-node elements) and a fine mesh (400 4-node elements) to study the mesh convergence. The plate is clamped at all four edges and the history of maximum deflection at the centre with the load is represented by a non-dimensional deflection parameter and a load parameter q as follows [13] :
where w c is the central deflection and t is the thickness of the plate. A quarter-plate mesh has been used due to the symmetry of the plate. It is clear that the proposed element gives good results compared with ANSYS and published results by Reddy [13] for the two different types of stacking sequences.
It can also be seen from the shown results that the proposed element provides very close results from the published and ANSYS results. It can also be seen from the shown results that the proposed element provides very close results to each other with the two types of meshes. 
Failure Analysis of a Clamped Square Plate
Numerical and experimental validation of the proposed failure analysis was carried out with the same case study published by Kam & Jan [2] to ensure the accuracy of the finite element program with the proposed failure algorithm. Clamped square laminated composite plates with two different stacking sequences have been analyzed using the proposed finite element package. The plates were made of Graphite/Epoxy with the following material and geometric properties [2] ; E 1 = 142. The plates were subjected to centrally applied load to the first ply failure. Table 2 shows a comparison between the results obtained by the proposed finite element program, with and without applying the proposed failure algorithm and material degradation, and the published experimental and analytical results by Kam & Jan [2] . The results show the central deflection due to 1000 N applied central load and the first-ply failure load for the 32-layer plate and the first-ply failure load for the 16-layer plate using the same 4x4 mesh for a quarter of the plate due to its symmetry. The load has been applied gradually on the laminated plates until the first-ply failure in the fiber appear. In general, the results obtained by the proposed finite element program are in good agreement with those obtained by Kam & Jan [2] experimentally and analytically. The main observation from the results is that the applying of the material degradation process increases the deflection and the failure load due to decrease of stiffness and applying the degradation process on the strength properties as well, respectively. Fig. 2 . A 4-node quadrilateral element has been used with a suitable mesh as shown in Fig. 2 , where a fine mesh is used near the hole as it is the stress concentration zone. Due to the symmetric property of the plate, one quarter of the plate has been selected for the finite element analysis. Table 3 shows the deflection in y-direction at node 13 and the expected failure loads for matrix and fiber of plates with hole at different diameter to width ratios and at different stacking sequences. The results illustrate that a good prediction of the proposed failure algorithm for the start load of failure compared with ANSYS results for different stacking sequences and width to diameter ratios. Slight variations in the results between the ANSYS results and the Finite element program results may due to the slight difference in the damage modeling. Figure 3 (a-b) shows the load increment versus damaged area in matrix and fiber for the plate of 10 width to diameter ratio for different stacking sequences and different number of layers. The main observations of these analyses are the damage occurred firstly in the 90 o plies at the elements within the stress concentration zone. The damaged area in fiber and matrix increase by decrease the number of layers. 
Conclusions
The present work contributes to the development of progressive failure algorithm of composite laminated structures using high order finite element. The proposed technique and finite element derivation have been validated by comparing the obtained results with published results and with results obtained by ANSYS commercial package for the same case studies. Good comparison with the finite element results ANSYS were observed from previous test cases, confirming the accuracy and reliability of the new derivations, damage algorithm and the programming package. 
